and pathogenic inflammation. RSV impairs antioxidant responses by increasing the degradation of transcription factor NRF2, which controls the expression of several antioxidant enzyme (AOE) genes, including catalase. Since catalase is a key enzyme for the dismutation of virus-mediated generation of hydrogen peroxide (H 2 o 2 ) we developed a model of intranasal supplementation of polyethylene glycol-conjugated catalase (PG-CAT) for RSV-infected mice. The results of our study show that PG-CAT supplementation was able to increase specific enzymatic activity along with reduction in H 2 o 2 in the airways and had a significant protective effect against RSV-induced clinical disease and airway pathology. PG-CAT treated mice showed amelioration in airway obstruction, reduction in neutrophil elastase and inflammation. Improved airway hyperresponsiveness was also observed in mice that received PG-CAT as a treatment post-viral inoculation. In addition, PG-CAT greatly reduced the concentration of inflammatory cytokines and chemokines, including IL-1, TNF-α, IL-9, CXCL1, CCL2, and CCL5 in the bronchoalveolar lavage fluid of RSV-infected mice, without increasing viral replication in the lung. in conclusion, catalase supplementation may represent a novel pharmacologic approach to be explored in human for prevention or treatment of respiratory infections caused by RSV.
PCR, Western blot and bioactivity. While oxidative markers such as lipid peroxidation products were increased by infection, levels of AOE were significantly reduced compared to control uninfected cells, with catalase and SOD1 being dramatically reduced at peak of viral replication (48 h) . Subsequent investigations of mouse BAL by two-dimensional gel electrophoresis, MALDI-TOF-MS spectrometry, Western blot and bioactivity, revealed that RSV infection induced a significant decrease in the expression and activity of AOEs, including catalase, SOD, glutathione S-transferase and glutathione peroxidase, which correlated with parameters of clinical disease and airway inflammation 8 . Of clinical relevance we also showed in a group of RSV-infected infants that levels of AOEs were reduced in nasopharyngeal secretions obtained from hypoxemic patients or in those requiring ventilatory support (i.e. more severe clinical disease) 8 . Since underlying genetic factors may also contribute to the overall pro-oxidative and anti-oxidative balance and consequent disease severity following RSV infection we conducted a study in a group of 115 infants and young children with RSV positive LRTI (62 categorized as mild, 36 moderate and 17 severe disease) and genotyped them for ten known alleles (SNPs) in six AOE genes and in the Nrf2 gene. From this analysis, we found that one SNP in the antioxidant enzyme catalase, rs1001179, which is mapped to the gene promoter region and has been shown to be functional with higher enzyme expression/activity, had a protective effect on disease severity: while present at the expected population level among patients with mild disease, it had lower frequency in those with moderately severe and was absent in patients with severe disease 17 .
Overall these findings suggest that RSV-induced cellular oxidative damage is the result of an imbalance between ROS production and antioxidant cellular defenses, particularly those associated with catalase-mediated H 2 O 2 dismutation. Therefore, we questioned whether exogenous supplementation of catalase could ameliorate airway disease using an experimental mouse model of RSV infection. The results of our study presented herein demonstrate that catalase supplementation via the intranasal route, either prior to or soon after infection significantly ameliorated clinical parameters of RSV infection, including body weight loss and disease score, reduced mucosal inflammation and showed a remarkable effect on airway obstruction, a characteristic of early RSV infection in mice. We suggest that catalase supplementation represents a novel therapeutic opportunity to be explored in human studies for the prevention/treatment of RSV bronchiolitis. Some of the results of this study have previously been presented as an abstract 17 .
Results catalase treatment improves RSV disease in mice.
To determine whether increasing the levels of catalase in the airways would confer protection against RSV infection, we administered PG-CAT i.n. to mice infected with RSV ( Fig. 1A ). This catalase formulation was selected based on its enhanced bioavailability and prolonged activity in biological fluids thus resulting in lower dose requirements. We first determined whether PG-CAT treatment improved lung antioxidant capacity by administering the first dose (2.84 mg/kg) 24 h prior to RSV inoculation and a second dose (2.84 mg/kg) 24 post-infection (p.i.). Catalase activity was then determined in BALF at day 2 p.i. As expected, RSV-infected mice that were treated with PG-CAT had a significant higher level of catalase activity (~2 fold) compared to untreated mice ( Fig. 1B) . PG-CAT treatment had no effect on endogenous catalase mRNA expression per se ( Supplementary Fig. 1 ). PG-CAT treatment resulted in a reduction in overall levels of H 2 O 2 in BALF (Fig. 1C ), and in a significant increase of airway antioxidant capacity, compared to infected untreated mice (RSV infection resulted in a ~2 fold reduction in antioxidant capacity compared to PBS) ( Fig. 1D ). The antioxidant capacity measured utilizing a gallic acid standard as reference represents the ability of the treatment to quench hydroxyl radicals, which are produced in RSV infection through interaction of hydrogen peroxide with neutrophil products i.e. myeloperoxidase 18 An increase in this parameter indicates a significant increase in ROS quenching capacity.
PG-CAT treatment (as in Fig. 2A ) consistently resulted in a significant reduction in body weight loss ( Fig. 2B ) and improvement of clinical disease score ( Fig. 2C ), in particular after day 2 of RSV infection, with no significant effect on viral replication in the lung (Fig. 2D ). In addition, PG-CAT treatment was associated with a significant reduction in RSV-induced BALF total protein levels, a measure of epithelial barrier damage ( Fig. 2E ). In agreement with the improved body weight loss, clinical disease and lung epithelial damage, PG-CAT treated mice showed a significant improvement in lung function, as shown by a reduction in airway obstruction (i.e., basal Penh values) measured by whole body plethysmography ( Fig. 2F ). Similar improvements in body weight loss and clinical disease were seen with a lower (1.42 mg/kg) and a higher (5.68 mg/kg) dose of PG-CAT ( Supplementary  Fig. 2 ). In addition, since PG alone could act as an anti-inflammatory molecule (14;15), we compared untreated vs PG-treated RSV-infected mice. There was no change with PG treatment in body weight loss, clinical disease score, protein concentration in BALF, or airway obstruction, apart from a small improvement in body weight loss at day 1 p.i. ( Supplementary Fig. 3 ).
Additionally, disease parameters were also determined in a post-infection treatment model of PG-CAT administration. Although there was no significant change observed in body weight loss (supplementary Fig. 4A ), or clinical disease ( Supplementary Fig. 4B ), PG-CAT treatment resulted in a significant improvement in airway obstruction ( Supplementary Fig. 4C ), and AHR ( Supplementary Fig. 4D ).
effect of catalase treatment on lung inflammation and histopathology. As inflammation is
an important component of RSV-induced lung disease, we investigated BALF cytokine and chemokine levels and inflammatory cell recruitment in response to PG-CAT administration (as in Fig. 2A ). There was a significant reduction in RSV-induced secretion of the cytokines IL-1α, TNF-α and IL-9, as well as of the chemokines CXCL1, CCL2 and CCL5 at day 2 p.i. in mice treated with PG-CAT, compared to untreated/infected mice ( Fig. 3) . Interestingly, most of the RSV-induced cytokines and chemokines measured in BALF at day 1 p.i. were not significantly affected by PG-CAT (see all data in supplementary Tables 1 and 2). In regard to inflammatory cell recruitment, there was no significant change in total cell count in BALFs of infected mice treated with PG-CAT, compared to infected untreated mice, at all the time points tested. Numbers of macrophages, neutrophils and lymphocytes were also similar between the two groups, with the exception of a small increase in neutrophil count at day 1 p.i. in mice treated with PG-CAT compared to untreated ( Fig. 4A ). Since we noticed that neutrophils in the PG-CAT group exhibited some features of immaturity (banded nuclei, retention of granules, etc.), we determined whether PG-CAT treatment altered neutrophil activation by assessing neutrophil elastase levels in BALF. There was no significant difference in elastase at day 1 p.i., however levels were significantly decreased on day 2 p.i. in PG-CAT treated mice, compared to untreated mice ( Fig. 4B) , consistently with the reduction by PG-CAT of neutrophil activating chemokines observed at day 2 ( Fig. 3 ). Histopathology analysis of H&E stained lung sections showed that PG-CAT treatment resulted in reduced airway epithelial necrosis, interstitial pneumonia, and reduced damage to airway architecture ( Fig. 5 ). Uninfected mice had no lung microscopic lesions.
Discussion
Catalase is an antioxidant enzyme present in most aerobic cells that catalyzes dismutation of hydrogen peroxide to water and oxygen 12 . In the lung, catalase activity increases in parallel with the its embryologic development and at full maturity it is specially localized in alveolar type II pneumocytes and alveolar macrophages, both cell types being a primary target of respiratory viral entry and replication 13 . While certain stimuli such as hyperoxia and cytokines induce catalase expression/activity, other stimuli like prolonged cigarette smoke exposure can lead to decreased catalase mRNA and protein levels 19, 20 . In addition, genetic factors such as polymorphisms in the catalase gene promoter have been associated with increased basal expression of catalase gene, which may also contribute to an enhancement in the overall anti-oxidative capacity 21 .
Our data in RSV-infected mice demonstrate that two single doses of intranasal PG-CAT effectively increased levels of lung catalase and its antioxidant capacity, and reduced disease, as body weight loss, clinical illness score, pathology, and airway obstruction were all significantly improved compared to untreated control littermates. In addition, PG-CAT supplementation at a time subsequent to RSV inoculation resulted also in an improvement of RSV-induced airway obstruction measured at day 1 post-infection and AHR measured at a later time point of infection (day 5), but not clinical disease or body weight loss. A possible explanation is that unlike natural infection in human which starts in the upper airways, the experimental RSV infection of mice is characterized by a rapid delivery of the virus inoculum to the lower airways. Thus, all the post-infection treatment modalities are less or no effective at all in the modulation of early inflammatory cytokine production that control lung inflammation and clinical disease. Indeed, while in the post-infection catalase treatment we did not find any reduction of key inflammatory cytokines that may be associated with viral-induced clinical disease in the mouse model, it was nonetheless effective in improving airway reactivity that we believe is affected by oxidative pathways associated www.nature.com/scientificreports www.nature.com/scientificreports/ with RSV-induced production of H 2 O 2 . The possibility of using catalase as a treatment in RSV infection in human is however speculative at this point as the biologic significance of such airway reactivity improvement in mice remains to be determined for human airway physiology. In other animal models of pulmonary diseases, including asbestos-and radiation-dependent pulmonary fibrosis, hyperoxia, hydrogen peroxide-mediated injury, and viral infection with influenza H1N1, catalase treatment has also been shown to be effective in modulating clinical illness [22] [23] [24] [25] . Although the exact mechanism(s) underlying the disease-improving effect of PG-CAT treatment remains to be established, our data suggest a few possibilities. First, PG-CAT administration was associated with significant reduction in overall levels of H 2 O 2 and in a significant increase of airway antioxidant capacity in BALF of mice infected with RSV. ROS generated in the course of inflammatory processes are known to play a pathogenic role in lung diseases such as asthma and COPD 15 , and increasing lung antioxidant level protects against severe disease in a mouse model of RSV infection 26 . H 2 O 2 per se is known to regulate airway smooth muscle tone, leading to increased contraction and enhanced airway resistance [27] [28] [29] [30] . In addition, H 2 O 2 also enhances epithelial barrier leakage via an increase in vascular permeability and damage to epithelial actin cytoskeleton 28, 31 . Therefore, improvements observed in PG-CAT treated animals could be linked to an improved capacity to scavenge H 2 O 2.
In addition, PG-CAT treatment resulted in significant inhibition of several RSV-induced inflammatory cytokines and chemokines, as early as day 2 post-infection. TNF-α, which was severely reduced in PG-CAT treated mice, has been correlated with enhance body weight loss, clinical disease, pathology and airway hyperreactivity in RSV-infected mice and children 32, 33 . Chemokines produced during the course of RSV infection have been linked to disease severity, including CXCL1, CCL2 and CCL5, either in murine models of infection or in patients. High CXCL1 levels was correlated with hypoxia and increased ventilation needs 34, 35 . Similarly CCL2, CCL3 and CCL4 were linked to enhanced disease severity, being higher in patients requiring admission to intensive care in patients 36 . Genetic variants of the CCL5 major receptor was also linked to RSV diseases severity in patients and to enhancement of allergic airway reactivity in murine models of infection 37 . www.nature.com/scientificreports www.nature.com/scientificreports/ Neutrophils recruitment to the airways has also been associated with enhanced pathology in the course of RSV infection [38] [39] [40] . Neutrophil products, i.e., elastase and CXCL1, are strongly linked to enhanced disease severity in numerous models of lung inflammation including acute edematous injury, bleomycin-induced acute lung injury, smoke inhalation and pneumonia [41] [42] [43] [44] . High levels of TNF-α and CXCL1 are associated with enhanced elastase release from neutrophils 45 , both of which were reduced by PG-CAT treatment. Altogether, catalase administration altered several components of the inflammatory response to RSV infection, which could account for the observed clinical improvement.
In summary, our results suggest that the antioxidant catalase exerts a protective role in the context of RSV infection. Increasing airway catalase levels at the time of RSV infection could represent a potential novel therapeutic approach to ameliorate viral-induced lung disease. Mice and RSV infection protocol. RSV Long strain was grown in HEp-2 cells and purified by centrifugation on discontinuous sucrose gradients, as described 46 , and viral pools were titered in plaque forming units (PFU)/mL using a methylcellulose plaque assay, as described 47 . Female BALB/c mice (14-16 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were lightly anesthetized with 0.1 mL of Ketamine/xylazine (200/70 mg/mL) injected intraperitoneally. Mice were then treated intranasally (i.n.) with control phosphate buffered saline (PBS), or with polyethylene glycol-catalase [(PG-CAT, Sigma, St. Louis, MO, 62.5 μg (2.84 mg/ kg)] or with polyethylene glycol (PG) only (2.19 mg/kg). For 0.5x and 2x doses mice were treated with 31.25 μg (1.42 mg/kg) and 125 μg (5.68 mg/kg) of PG-CAT, respectively. Twenty-four hours later, mice were infected with 5 × 10 6 PFU of RSV diluted in 50 μl of PBS (groups are identified as PBS-RSV, PG-RSV and PG-CAT-RSV; the uninfected/untreated control group is indicated as PBS and the uninfected/PG-CAT control is indicated as PG-CAT-PBS). The following day, mice were given one additional dose of PBS, PG or PG-CAT. For the treatment model mice were infected with RSV and treated with either PBS or 62.5 μg of PG-CAT at 3 h and D3 p.i. clinical disease. Animals from all groups were evaluated on a daily basis for weight loss, illness score, and presence of any respiratory symptoms. The percentage of body weight change was plotted over time. A clinical illness score for mice was used to measure the severity of clinical disease (0-healthy; 1-barely ruffled fur; 2-ruffled fur but active; 3-ruffled fur and inactive; 4-ruffled fur, inactive, and hunched; and 5-dead). These parameters have www.nature.com/scientificreports www.nature.com/scientificreports/ been shown to closely correlate with lung pathology in experimental infection of mice 26, 48 . For clinical disease parameters groups consisted of PBS -PBS (n = 9), PG-CAT -PBS (n = 11), PBS-RSV (n = 15), PG-RSV (n = 9), and PG-CAT-RSV (n = 16). For dose-response studies of clinical disease, data were collected from groups of mice treated with 0.5x PG-CAT -RSV (n = 8) and 2x PG-CAT -RSV (n = 8). RSV viral titers were determined using a plaque assay with increasing dilution of lung lysate (1:2-1:256), grown on a monolayer of HEp2 cells for five days (n = 8).
Broncholaveolar lavage (BAL). BAL fluid (BALF) was collected via the trachea by flushing the lungs twice with 1 ml of ice-cold PBS. A total of 100 µl of BAL fluid was used for cytospin analysis, and the rest was immediately centrifuged and stored at −80 °C for cytokine analysis. Total number of BAL cells was counted with a hemacytometer and viability was assessed by trypan blue. BAL differential cell counts were determined using morphogenic criteria under light microscopy of Protocol Hema-3 (Fisher Scientific) stained cytospins with a total count of 300 cells per slide 26, 47 . Data were collected at D1, D2, D5, and D8 (n ≥ 8 at D1 and D2 and n ≥ 4 at D8). Neutrophil elastase was determined using BAL samples at D1 (n = 4), D2 (n ≥ 8), and D5 (n = 4), using a neutrophil elastase ELISA (R&D Systems). Protein concentration of BAL was determined utilizing a bovine serum albumin standard (Sigma). Groups consisted of PBS-control (n = 7), RSV (n = 8), PG-RSV (n = 8), and PG-CAT -RSV (n = 8).
Measurement of cytokines, and chemokines. Levels of cytokines and chemokines in BAL fluid were
determined with the Bio-Plex Pro Mouse Group I, 23-plex panel (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer's instructions 49 . Groups included PBS (n = 2), RSV (n = 11), PG-RSV (n = 10), and PG-CAT -RSV (n = 12) for day 1, and PBS (n = 7), RSV (n = 8), PG-RSV (n = 11), and PG-CAT -RSV (n = 11) for day 2. The panel included the following cytokines with the lower limit of quantitation (LLQ): IL-1α (1.84 pg/ml), IL-1β (10.36 pg/ml), IL-2 (3.72 pg/ml), IL-3 (1.55 pg/ml), IL-4 (6.98 pg/ml), IL-5 (3.57 pg/ml), IL-6 (0.74 pg/ml), IL-9 (6.89 pg/ml), IL-10 (2.95 pg/ml), IL-12 p40 (1.53 pg/ml), IL-12 p70 (1.62 pg/ml), IL-13 (47.2 pg/ ml), IL-17 (2.65 pg/ml), granulocyte-macrophage colony-stimulating factor (GM-CSF) (21.2 pg/ml), gamma interferon (IFN-γ) (1.84 pg/ml), tumor necrosis factor alpha (TNF-α) (5.8 pg/ml), G-CSF (5.1 pg/ml), Eotaxin (257.9 pg/ml), KC (3.2 pg/ml), MCP-1 (22.4 pg/ml), macrophage inflammatory protein 1α (MIP-1α) (256.2 pg/ ml), MIP-1β (3.33 pg/ml) and RANTES (2.78 pg/ml). Data is presented as a mean of three experiments (PBS n = 7, and infected groups n ≥ 8).
Airway obstruction and hyperresponsiveness (AHR). Airway obstruction and AHR were assessed
in unrestrained mice at different times after infection using whole-body barometric plethysmography (Buxco, DSI, New Brighton, MN) to record enhanced pause (Penh) 50, 51 . Penh is a dimensionless value that represents a function of the ratio of peak expiratory flow to peak inspiratory flow and a function of the timing of expiration. Airway obstruction is measured as baseline Penh (no challenge with methacholine). Airway obstruction was measured at D1, 3, and 5 (n = 7) for 5 min to obtain Penh values. AHR was determined at D5 following challenge when increasing doses of methacholine of nebulized methacholine (3.25, 6.25, 12.5, 25, and 50 mg/ml) for 2 min, and data were recorded for another 3 min. pulmonary histopathology. Mice were euthanized and the entire lung was perfused, removed, and fixed in 10% buffered formalin following by paraffin embedding. Multiple 4-µm longitudinal cross-sections were stained with hematoxylin and eosin (H&E). The slides were analyzed under light microscopy by a board-certified pathologist with expertise in mouse lung, unaware of the infection/treatment status of the animals. The pathologist assessed groups based on microscopic lesions in the lung, percentage of abnormal lung field, necrosis of epithelium and alveoli, presence of exudate (neutrophils, macrophages, and lymphocytes), and pneumocyte hypertrophy. Based on these parameters, slides were scored on a 0-3 scale (0 = normal, 1 = mild, 2 = moderate, and 3 = severe disease).
catalase, hydrogen peroxide and hydroxyl radical antioxidant capacity measurements. A cat-
alase activity assay was utilized to measure catalase activity in mouse BALF, after protein/volume normalization (n ≥ 7). Catalase mRNA was determined through qRT-PCR (n = 3). Hydrogen peroxide (H 2 O 2 ) levels (n = 4) and hydroxyl radical antioxidant capacity (HORAC) (n = 4) were determined in BALF samples using the hydrogen peroxide/peroxidase assay kit and the (HORAC) activity assay kit and analyzed with the FLUOstar Optima (BMG Labtech, Cary, NC). All kits were obtained from Cell Biolabs, San Diego, CA.
Statistical analysis.
For the animal studies, data were evaluated using repeated measures ANOVA, one-way ANOVA, and two-tailed unpaired Student's t-test using GraphPad Prism 5.02 (GraphPad Software, Inc., San Diego, CA). A p value < 0.05 was considered significant and significance is designated with the symbol (*) representing ***p < 0.001, **p < 0.01 and *p < 0.05. All data is shown as a mean ± SEM.
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